Pregnancy is associated with marked physiological changes challenging the cardiovascular system. Among the more severe pregnancy associated cardiovascular complications, peripartum cardiomyopathy (PPCM) is a potentially life-threatening heart disease emerging towards the end of pregnancy or in the first postpartal months in previously healthy women. A major challenge is to distinguish the peripartum discomforts in healthy women (fatigue, shortness of breath, and oedema) from the pathological symptoms of PPCM. Moreover, pregnancy-related pathologies such as preeclampsia, myocarditis, or underlying genetic disease show overlapping symptoms with PPCM. Difficulties in diagnosis and the discrimination from other pathological conditions in pregnancy may explain why PPCM is still underestimated. Additionally, underlying pathophysiologies are poorly understood, biomarkers are scarce and treatment options in general limited. Experience in long-term prognosis and management including subsequent pregnancies is just beginning to emerge. This review focuses on novel aspects of physiological and pathophysiological changes of the maternal cardiovascular system by comparing normal conditions, hypertensive complications, genetic aspects, and infectious disease in PPCM-pregnancies. It also presents clinical and basic science data on the current state of knowledge on PPCM and brings them in context thereby highlighting promising new insights in diagnostic tools and therapeutic approaches and management.
Introduction
Cardiovascular disease affects around 4% of all pregnancies in Western industrialized countries with increasing tendencies. 1 Even in the absence of pre-existing cardiovascular disease pregnancy complications such as hypertensive complications, i.e. gestational hypertension and its more severe forms preeclampsia, the HELLP syndrome (H: haemolysis, EL: elevated liver enzymes, LP: low platelet count), and peripartum cardiomyopathy (PPCM) may induce cardiovascular disease. 2 -4 In addition, previously unrecognized genetic forms of cardiomyopathies can be demasked by pregnancy stress 5 -7 and latent cardiac viral infection can be activated in pregnancy as a cause for myocarditis. 8 Pregnancy, delivery, and the peripartum period provide a challenge to the entire maternal organism, as they are associated with weight gain, oedema, physical discomfort, fatigue, and breathlessness. Therefore, understanding normal pregnancy is important for the timely recognition of cardiovascular pathologies to distinguish the peripartum discomfort in healthy women from signs of cardiovascular disease. This is a major challenge for physicians, midwives, and patients and may explain why diagnosis of peripartum heart failure is frequently delayed and still underestimated.
Here we summarize the current knowledge on aetiology, risk factors, and pathophysiology of PPCM in comparison with normal physiological changes in pregnancy and with related pathologies, specifically preeclampsia, myocarditis, and genetic forms of cardiomyopathies. Furthermore, we discuss state-of-the-art treatment options, prognosis, and management of PPCM.
arterial dilation creates an 'underfilled' cardiovascular system. At the same time, pregnancy hormones such as oestrogen, progesterone, and relaxin promote vascular relaxation. 10, 11 Cardiac remodelling leads to substantial increase in left-ventricular mass and enhanced angiogenesis. Labour during delivery is associated with the maximum cardiac output related to increased heart rate and preload caused by the uterine contractions, increased circulating catecholamines, and autotransfusion of 300 -500 mL blood from the uterus into the maternal circulation. 9, 10, 12 The risk for thrombosis is 4 -10-fold higher around pregnancy and maximal around term as the factors VII, X, VIII, fibrinogen, and von Willebrand factor rise throughout gestation. 13 Reprogramming the maternal metabolism in pregnancy optimizes shunting of glucose to the foetus by developing some degree of insulin resistance in the mother shifting her metabolism more towards fatty acids. 14 Oxidative stress increases during pregnancy and is paralleled by a slightly delayed increase in antioxidant capacity. 15 Thus, pregnancy represents one of the most profound mechanisms of system-wide hormonal, haemodynamic, and metabolic reprogramming that should be further explored.
Peripartum cardiomyopathy: definition and incidence
Peripartum cardiomyopathy is defined as a non-familial form of peripartum heart failure characterized as an 'idiopathic cardiomyopathy presenting with heart failure secondary to left-ventricular (LV) systolic dysfunction towards the end of pregnancy or in the months following delivery, where no other cause of heart failure is found' as proposed by the Working Group on PPCM of the Heart Failure Association of the European Society of Cardiology (ESC). 4 Clinically, PPCM resembles a dilated cardiomyopathy (DCM) but the left ventricle may not always be dilated. The ejection fraction is nearly always reduced below 45%. 4 PPCM is considered an independent disease, whose diagnosis relies on its relation to pregnancy and the exclusion of other cardiomyopathies. 4, 16 Reported incidences for PPCM vary among different geographic regions with potential hotspots in Africa (1:100 to 1: 1000) and Haiti (1:299). 17 -21 In Western societies, the incidence of PPCM is rising (in the USA from 1 in 4350 in 1993 to 1 in 2229 in 2002) possibly because of socio-economic changes (rising maternal age, fertilityassisted treatments, and multifoetal pregnancies), better diagnostic tools and increasing awareness created by large prospective international registry, i.e. the ESC EURObservational Research Programme (http://www.eorp.org).
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Diagnostic challenge in peripartum cardiomyopathy due to a wide variety of cardiac phenotypes
Establishing the diagnosis of PPCM relies on a high index of suspicion as it can present dramatically with acute heart failure necessitating intensive care or it may develop subtly over several weeks. Especially, the slow developing form with unspecific symptoms of cardiac congestion (abdominal discomfort, pleuritic chest pain, and palpitations) is sometimes difficult to be distinguished from peripartum discomfort in healthy women. 3, 4, 8 Therefore, the choice and value of diagnostic tools is critical.
Electrocardiogram
Specific electrocardiogram (ECG) patterns are not known for PPCM but ECG abnormalities seem to be frequently present in PPCM patients. 26 In a small minority of patients, intraventricular conductance abnormalities, such as a left bundle branch block, have been reported. 27 Typically, ECGs are not routinely performed in normal pregnancies and a comparison with previous ECGs is impossible in most cases since ECGs prior to pregnancy are missing. However, an ECG should be performed if symptoms of heart failure are suspected or present, as it is an important tool in the differential diagnostic procedure and may help to rule out or point to pulmonary embolism or an acute ischaemic event.
Echocardiography
Transthoracic echocardiography is the most important tool for diagnostic confirmation or exclusion of PPCM and should be performed in every suspected case.
3,4
Chest X-ray Chest X-ray at the acute presentation may depict signs of decompensated heart failure with pulmonary congestion or oedema that may by complicated by pneumonia and pleural effusion.
Cardiac magnetic resonance imaging
The role of cardiac magnetic resonance imaging (CMR) in the assessment of patients with PPCM needs further evaluation. CMR provides valuable information about myocardial structure and right-ventricular function and should be considered in more severe forms of PPCM.
Observations from a German multicentre CMR study on patients with PPCM (unpublished data) point to the presence of myocardial scars in a considerable portion of the patients. A transient LV hypertrabeculation mimicking the myocardial structure of non-compaction cardiomyopathy is sometimes observed but hypertrabeculation seems to resolve frequently after functional recovery. 28 A recent report demonstrated reversible hypertrabeculations in normal pregnancies suggesting that hypertrabeculation may to some degree be part of normal cardiac remodelling of pregnancy. 29 
Cardiac catheterization/myocardial biopsies
Although in most cases thorough non-invasive testing obviates the need for invasive diagnostics, in some rare cases, cardiac catheterization and myocardial biopsies may be needed to obtain information on an ischaemic cause of heart failure or infection.
How to distinguish peripartum cardiomyopathy from other forms of pregnancy-induced heart failure With regard to the broad range of cardiac phenotypes and time point of onset, a frequently posed question concerns how sure the diagnosis of PPCM is and if other possible forms of cardiomyopathies can be excluded.
Differences and overlaps with hypertensive complications in pregnancy
Hypertensive disorders (either new onset or superimposed on chronic hypertension) in pregnancy with the most severe forms preeclampsia and HELLP-syndrome affect up to 8% of pregnant women worldwide. 30 Preeclampsia is a leading cause for premature delivery with high risk for maternal, foetal, and neonatal morbidity and mortality. 11 Cardiac involvement in preeclampsia is frequently present mostly as diastolic dysfunction with raised filling pressures but normal systolic function and cardiac output. 31 Systolic heart failure has been reported in pre-term preeclampsia often associated with proteinuria, oedema, and abnormalities of hepatic, haematological, and cerebral function. 32 Preeclampsia and PPCM share several pathomechanisms including endothelial damage and increased serum levels of soluble fms-like tyrosine kinase-1 (sFlt1). 2, 33 Some cohorts of PPCM patients display a high prevalence of hypertensive disorders and preeclampsia during pregnancy 23 suggesting that preeclampsia may predispose to PPCM. While timely delivery by an interdisciplinary team is recommended for both, severe preeclampsia and PPCM, postpartum management is quite different. For PPCM heart failure therapy for several months and years with close monitoring by a cardiologist is strongly recommended. In contrast, as symptoms resolve quickly after delivery in patients with preeclampsia, blood pressure control by antihypertensive medication is the only therapy suggested. 1, 34 Thus, since PPCM patients need full heart failure therapy for several months or years and since clear diagnostic discrimination between PPCM and severe gestational hypertensive complications is difficult, it would be important to monitor the postpartum course of both patient groups for optimal management.
Genetic forms of pregnancy-associated cardiomyopathies
The higher incidence observed in patients with African ancestry and reports of about 16% of PPCM patients with positive familial history for heart failure suggest genetic aspects in PPCM. 3, 4, 23 Indeed, subsets of PPCM patients are carriers of mutations associated with familial DCM forms. 5, 6, 35 While PPCM has been defined as a non-familial and non-genetic form of heart failure, the reality shows that it is not easy to distinguish non-genetic PPCM from genetic forms of peripartum heart failure and therefore careful familial history should be taken in all PPCM patients. As genetic forms may a have a lower chance for recovery 23 such information is important for risk stratification and management as well as for counselling affected families.
Peripartum heart failure triggered by pathogens
Several studies pointed out the potential importance of viral infection for inducing or driving PPCM but results are controversial as reviewed by Selle et al. 8 in the present paragraph. However, the highly variable prevalence of myocarditis in PPCM patients ranging from 8.8 to 78% suggest that in some cases viral infection may be among the trigger for PPCM. 8 In this regard, it is interesting to note that primary viral infection, usually in childhood, can lead to a latent life-long viral persistence, which is by definition of no pathogenetic significance. 8 Since pregnancy is a condition with a lowered immune defence, latent viral infections may become reactivated in the peripartum phase and may lead to peripartum myocarditis. This idea is supported by experimental data in mice showing that encephalomyocarditis viral infection increases the severity of myocardial damage in postpartum mice compared with non-pregnant control mice. 8 Thus, it is likely that such a scenario may explain viral myocarditis as the cause of peripartum heart failure in some patients. However, to date, the impact of infectious diseases and their role on the development and the prognosis of patients with PPCM is not well understood and should be investigated in larger prospective study collectives and registries.
In conclusion, it may be difficult to clearly distinguish PPCM from the above-mentioned conditions as no specific diagnostic marker profiles exist and presentation and pathophysiologies may be overlapping. However, these conditions may trigger similar downstream pathomechanisms, which drive disease progression and may therefore respond to similar treatment strategies.
Pathomechanisms of peripartum cardiomyopathy
We only briefly summarize current advances in knowledge on pathomechanisms of PPCM and refer to a recent review for more detail. 2 Among potential factors leading to PPCM, low selenium levels, various viral infections, stress-activated cytokines, inflammation, autoimmune reaction, a pathological response to haemodynamic stress, and unbalanced oxidative stress have been mentioned. 3,33,36 -38 A novel finding is the discovery that oxidative stress-mediated cleavage of the nursing hormone prolactin into a smaller biologically active subfragment, 16-kDa prolactin, may be a major factor initiating and driving PPCM. 33, 37, 38 This 16-kDa prolactin up-regulates miR-146a, which mediates most of the adverse effects of 16-kDa prolactin in endothelial cells and is released in microparticles (exosomes) into the circulation from where it also affects cardiomyocytes. 38 Along this line, multiple anti-angiogenic factors such as 16-kDa prolactin and sFlt1 disturb the angiogenic balance in the peripartum phase thereby causing vascular impairment and subsequently heart failure. 2, 33, 37 Thus, PPCM appears as a disease caused by unbalanced oxidative stress, impaired cardioprotective and pro-angiogenic signalling, and high expression of anti-angiogenic factors. As outlined earlier, these mechanisms may already be initiated by comorbidities during pregnancy such as severe gestational hypertension and infectious disease. 2 
Biomarkers for diagnosis and risk stratification of peripartum cardiomyopathy
Diagnosis of PPCM is often delayed and complicated by the fact that symptoms of heart failure to some degree overlap with normal pregnancy-associated discomfort. In addition, most PPCM patients are initially not seen by cardiologists. Biomarkers would help to identify PPCM patients early and refer them to expert physicians for further diagnostic assessment. Of note, biomarker-screens around pregnancy need controls exactly matched to pregnancy stage since many hormones, growth factors, and enzymes display highly specific kinetic pattern throughout pregnancy and postpartum ( Table 1) . So far, NT-proBNP, an unspecific marker for pregnancy complications such as preeclampsia as well as for heart failure and other diseases, is markedly elevated in most PPCM patients with little overlap to healthy peripartum women (Table 1) . 23, 39, 40 MiR-146a is specifically increased in the serum of PPCM patients compared with healthy postpartum women and patients with DCM (Table 1) . 23, 38 sFlt1, a biomarker for preeclampsia that is supposed to clear rapidly after delivery, is significantly increased in PPCM patients as are asymmetric dimethyl arginine and Cathepsin D activity (Table 1) . 23, 33 Failure to normalize a biomarker profile including NT-proBNP, oxLDL, interferon-g, and prolactin is associated with adverse outcome in PPCM patients. 39 In turn, creatine-kinase and C-reactive protein are increased by delivery stress in healthy postpartum women and troponin T, a marker for cardiac injury, is often within normal ranges in PPCM patients ( Table 1 ) and therefore less suited as biomarkers for PPCM.
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Taken together, currently NT-proBNP is the only commercially available marker for efficient screening of peripartum heart failure ( Table 1) . However, it is not specific for PPCM and may be elevated in other conditions such as preeclampsia and pulmonary embolism. MiR-146a is a disease specific potential candidate, but overall there is an urgent need for better diagnostic and prognostic biomarkers for PPCM.
Therapeutic concepts and management for peripartum cardiomyopathy
Heart failure around pregnancy provides a challenge for the treating physician especially due to a lack of evidence-based clinical data.
Currently, PPCM is treated according to the ESC guidelines for heart failure in pregnancy. 1 In brief, late in pregnancy, therapeutic interventions need to consider the health of the mother and the foetus. Beta-blocker, thiazide diuretics, or furosemide treatment can be necessary in some patients with PPCM before delivery, however, as diuretic therapy may impair perfusion of the placenta with potential harm to the foetus, the lowest dosages possible of diuretic therapy have to be used. After delivery, standard therapy for heart failure is recommended in PPCM including beta-blockers, ACE-inhibitors/AT1-blockers, mineralocorticoid receptor antagonists (MRA), and diuretics. As no data on the use of inotropes exist in patients with PPCM and catecholamines may aggravate myocardial damage, an i.v. infusion of an inotrope (e.g. dobutamine) should only be considered in patients with severe hypotension and/or signs of cardiogenic shock. As soon as haemodynamic stability is achieved, inotropes should be tapered and general recommendations for patients with heart failure in pregnancy should be followed. 1 Early treatment with beta-blockers started at very low dosages appears to be protective even in patients with severely depressed ejection fraction. In patients with persistent sinus tachycardia, in whom uptitration of beta-blocker dose was not feasible due to hypotension or heart failure, we also have good experience with the use of ivabradine. A South African study reports improved outcome in PPCM patients with elevated serum markers of inflammation (C-reactive protein and tumour necrosis factor-a, TNF-a) after treatment with pentoxifylline on top of conventional heart failure therapy suggesting a potential benefit of anti-TNF-a treatment. 41 A pilot study in South Africa reported highly beneficial effect of the prolactin-blocker bromocriptine on top of heart failure medication in patients with acute onset PPCM. 3, 42 Likewise, the majority of patients in the German PPCM registry (96%) who had obtained this therapy concept improved their condition. 23 Currently, the efficacy of bromocriptine on top of heart failure medication is investigated in a larger randomized multicentre trial in Germany (ClinicalTrials.gov, study number: NCT00998556). Importantly, a recent statement from the European Medicines Agency (EMA) recommends restricted use of bromocriptine for women to stop breast milk production due to adverse effects on blood pressure and thrombosis. To our knowledge, no adverse effects were observed with low dose bromocriptine (2-5 mg/day) in 57 PPCM patients from the German PPCM registry or in the 44 patients currently enrolled in the German bromocriptine trial. Moreover, no adverse event related to bromocriptine was reported from the 75 PPCM patients listed in the international PPCM registry of the ESC EURObservational Research Programme.
Results from larger studies are awaited for to be more conclusive on this therapy concept. PPCM patients have an increased risk for sudden death and seem to benefit from implantable cardioverter defibrillator (ICD) and cardiac resynchronization therapy (CRT). 39, 43, 44 16-kDa Prolactin Pathophysiological factor of PPCM, high technical effort for measurement, diagnostic accuracy needs to be evaluated. 37, 42 Interferon-g Elevated plasma levels in PPCM patients, diagnostic accuracy needs to be evaluated. 39, 49 Asymmetric Dimethylarginine (ADMA)
Marker for endothelial dysfunction and cardiovascular risk, diagnostic accuracy needs to be evaluated. 23 Cathepsin D Activity elevated in plasma of PPCM patients, diagnostic accuracy needs to be further evaluated.
23,37
Soluble fms-like tyrosine kinase-1 (sFlt-1) Elevated plasma levels in PPCM patients, diagnostic accuracy needs to be further evaluated. 33 microRNA-146a Pathophysiological factor of PPCM, high technical effort for measurement, diagnostic accuracy needs to be further evaluated. 23, 38 PPCM, peripartum cardiomyopathy.
Peripartum cardiomyopathy cardioverter/defibrillator as a bridge-to-decision for 3-6 months with serial echocardiographic assessments of LV function. After a follow-up period of 6 months, the indication for ICD and CRT implantation should be evaluated according to the current guidelines. 45 A recent observational study on a small PPCM collective with severely depressed cardiac function and/or ventricular arrhythmias seems to confirm the value of the wearable cardioverter/defibrillator in PPCM patients. In patients with refractory acute heart failure, an extra corporal life support system may be used for stabilization and/or transport in a tertiary centre. The implantation of an LV assist device may be a therapeutic option in critically ill patients with no signs of recovery over several weeks. Heart transplantation is only an 'ultimo ratio' given the rather good prognosis for recovery within the first 6-12 months of many PPCM patients and invasive therapeutic modalities should not be installed over actively.
A general agreement among experts (study group of PPCM of the HFA/ESC) suggests continued therapy with standard heart failure medications for a minimum of 12 months. As some PPCM patients showed continued improvement in cardiac function up to 5 years after diagnosis, 47 standard heart failure therapy may be continued in patients with persistently reduced LV ejection fraction for several years or even lifelong. Full recovery of LV structure and function is not always associated with stable condition. Therefore, we continue heart failure drug therapy including b-blockade, ACE-inhibition, and MRA for at least 6 months after full recovery and recommend drug tapering according to the weaning protocol provided in Table 2 .
According to the guidelines of the ESC on cardiovascular disease in pregnancy, breastfeeding bears a low risk for bacterial or fungal infection and therefore in highly symptomatic/unwell patients bottle feeding should be considered. 1 In addition, since many drugs including heart failure medication are not tested sufficiently during pregnancy and breastfeeding, these drugs are frequently not recommended during pregnancy and breastfeeding. 1 
Subsequent pregnancy in peripartum cardiomyopathy patients
Peripartum cardiomyopathy patients should be informed about contraceptive options since cardiac dysfunction re-emerges frequently in the peri-and postpartum phase often with worse Figure 1 (A) Time course of LVEF in a peripartum cardiomyopathy patient (37 years, 3 Gravida, 3 Para) with severe peripartum cardiomyopathy after delivery of her second child and her subsequent pregnancy. Fast improvement of cardiac function and symptoms on immediate treatment with standard heart failure therapy and bromocriptine on index peripartum cardiomyopathy (BR: 5 mg/day for 2 months). The LVEF was still impaired when entering the subsequent pregnancy 8 months later. During pregnancy, the patient was treated with b-blocker occasionally supported by diuretics and further improvement of her condition in the first two trimesters was observed. A moderate decline of cardiac function in the third trimester occurred promoting Cesarean-section in week 36 followed by full standard heart failure therapy and bromocriptine (BR: 5 mg/day for 2 months) and subsequent improvement of cardiac function. Images of echocardiographic examinations shortly after onset of index peripartum cardiomyopathy (B), before subsequent pregnancy (C), shortly after subsequent delivery (D), and at 1-month-follow-up (E).
outcome especially when LV structure and function did not completely recover. 2 -4,37 The use of an intrauterine device is recommended for PPCM patients since hormonal contraceptives may interact with heart failure medication. 4 If PPCM patients get pregnant again it should be noted that the pregnancy state is frequently tolerated quite well, especially if the subsequent pregnancy is entered with fully recovered cardiac function. 4, 48 However, cardiac dysfunction re-emerges frequently in the peri-and postpartum phase. 4, 37, 48 Thus, it seems that the stage of pregnancy may exert protection even for damaged hearts. To illustrate this phenomenon, we present the case of a 37-year-old PPCM patient whose LV ejection fraction was impaired when entering the subsequent pregnancy 8 months after diagnosis of the index PPCM.
We observed an improvement of the LV function during the first two trimesters and a moderate decline in the third trimester ( Figure 1) . Therefore, delivery by Caesarean section in week 36 was induced and full standard heart failure therapy and bromocriptine were introduced. Thereafter, the patient showed subsequent improvement of cardiac function ( Figure 1) . A potential beneficial effect of heart failure therapy and bromocriptine in PPCM patients with subsequent pregnancies immediately after delivery is also supported by a small pilot study with 12 PPCM patients. All 12 patients displayed a moderate impaired LV function immediately after delivery of the subsequent pregnancy (control group, n ¼ 6, EF: 45 + 7%, bromocriptine group, n ¼ 6, EF 40 + 14). Three to four months postpartum, the control group displayed heart failure (EF: 23 + 3%) and high mortality (n ¼ 3 or 50% of patients had died) while all patients in the bromocriptine group survived and maintained or even improved cardiac function (EF: 52 + 6%). 37 In conclusion, PPCM patients should be advised not to get pregnant again. In case of a subsequent pregnancy in a PPCM patient, appropriate therapy during pregnancy and postpartum as well as management by an interdisciplinary team of cardiologists, obstetricians, anaesthetists, and neonatologists are recommended. First data are carefully optimistic with regard that heart failure therapy in combination with bromocriptine may be effective in preventing relapse of PPCM but further larger studies are required to validate these observations.
Conclusion
In recent years, the awareness for PPCM has increased for the benefit of these patients. Larger clinical data sets are collected and analysed allowing more insight into the pathophysiology of the disease and providing important information for diagnosis and management. Large clinical registries on peripartum heart failure (ESC EUROOBS program, www.escardio.org) 25 together with experimental research are needed to further broaden our understanding of PPCM with regard to its aetiology, risk factors, diagnosis, and, most importantly, optimized treatment strategies and management.
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